Successful adaptation to changes in an animal's emotional and motivational environment depends on behavioral flexibility accompanied by changes in bodily responses, e.g., autonomic and endocrine, which support the change in behavior. Here, we identify the orbitofrontal cortex (OFC) as pivotal in the flexible regulation and coordination of behavioral and autonomic responses during adaptation. Using an appetitive Pavlovian task, we demonstrate that OFC lesions in the marmoset (i) impair an animal's ability to rapidly suppress its appetitive cardiovascular arousal upon termination of a conditioned stimulus and (ii) cause an uncoupling of the behavioral and autonomic components of the adaptive response after reversal of the reward contingencies. These findings highlight the role of the OFC in emotional regulation and are highly relevant to our understanding of disorders such as schizophrenia and autism in which uncoupling of emotional responses may contribute to the experiential distress and disadvantageous behavior associated with these disorders.
Successful adaptation to changes in an animal's emotional and motivational environment depends on behavioral flexibility accompanied by changes in bodily responses, e.g., autonomic and endocrine, which support the change in behavior. Here, we identify the orbitofrontal cortex (OFC) as pivotal in the flexible regulation and coordination of behavioral and autonomic responses during adaptation. Using an appetitive Pavlovian task, we demonstrate that OFC lesions in the marmoset (i) impair an animal's ability to rapidly suppress its appetitive cardiovascular arousal upon termination of a conditioned stimulus and (ii) cause an uncoupling of the behavioral and autonomic components of the adaptive response after reversal of the reward contingencies. These findings highlight the role of the OFC in emotional regulation and are highly relevant to our understanding of disorders such as schizophrenia and autism in which uncoupling of emotional responses may contribute to the experiential distress and disadvantageous behavior associated with these disorders.
behavioral inhibition ͉ emotion ͉ reversal learning T he orbitofrontal cortex (OFC) has long been implicated in behavioral f lexibility as measured by tests of discrimination reversal learning and extinction (1, 2) . In reversal learning, an animal is first taught to respond to one of two visual stimuli to receive food reward, a response to the other being unrewarded. Lesions of the OFC do not affect initial acquisition of the visual discrimination, but the ability to alter responding when the association between the stimuli and reward is reversed is markedly impaired across a range of species (3) (4) (5) (6) (7) (8) (9) . Similarly, animals with OFC lesions display prolonged responding during extinction when the response no longer results in the receipt of food reward (1, 10, 11) . However, an alteration in behavioral output is just one component of the overall adaptive response of an animal to changes in its environment. It is important to recognize that behavioral adaptation is accompanied by alterations in the bodily state, including autonomic and endocrine activity, appropriate to the motivational and emotional context. Thus, Pavlov showed that dogs stopped salivating to a buzzer when it no longer predicted reward (12) , and, had the behavioral response also been measured, it would have presumably shown that they stopped approaching the buzzer too. Indeed, if, despite inhibiting their salivation during extinction, Pavlov's dogs found themselves still approaching the buzzer, or vice versa, such incongruency between the somatic and autonomic feedback might be expected to produce emotional ambiguity, an issue that will be considered in more detail in Discussion.
Currently, we have very little understanding of the neural circuitry underlying the coordination of behavioral and bodily responses in adaptive responding. Although the OFC is critical for behavioral adaptation, its role in the overall coordination of the adaptive response is unknown. Indeed, few studies have investigated the role of the OFC in the regulation of autonomic and other bodily responses (13) (14) (15) (16) , despite evidence from anatomical studies that this region has the appropriate connections both at the level of the hypothalamus and brainstem (17) (18) (19) (20) (21) . Thus, the present study investigated the effects of excitotoxic lesions of the OFC in the marmoset monkey on the adaptation of behavioral and cardiovascular responses [blood pressure (BP) and heart rate (HR)] in two distinct contexts: first, after the unexpected termination of an appetitive conditioned stimulus (CS) and the subsequent failure to receive food reward (single trial extinction) and second, after reversal of the reward contingencies (Pavlovian discrimination reversal).
Results

Conditioned Appetitive Cardiovascular and Behavioral Responses Do
Not Depend on the OFC for Their Expression. We first determined whether lesions of the OFC would disrupt the expression of conditioned cardiovascular and behavioral responses in marmosets. After habituation to the test apparatus and implantation of a biotelemetric probe [see supporting information (SI) Text], all subjects were trained on an appetitive Pavlovian conditioning task (Fig. 1) . Each session consisted of one to three presentations of an auditory stimulus (tone or white noise). Twenty seconds after the onset of each stimulus presentation (CS period), the monkeys gained access to a box (US period, 120 s) that was either full of high-incentive food (ϩ) or was empty (Ϫ). The auditory stimulus continued to sound throughout the US period, and each CS/US pairing was separated by a variable intertrial interval (70-110 s). A session could include both CS/US Ϫ and CS/US ϩ trials, but the latter occurred only as the last trial in a session and in only 5 of every 10 sessions. Behavioral measurements included head jerking, an orienting response shown specifically to auditory appetitive CSs (refs. 21 and 55; see Methods for details).
The mean number of CS ϩ and CS Ϫ trials, respectively, before reaching stable, conditioned BP (systolic) and behavioral (head jerking) responses to the appetitive CS was 13 Ϯ 2 and 21.4 Ϯ 3 for the to-be sham-lesioned control group and 17.5 Ϯ 3 and 22.7 Ϯ 3 for the to-be OFC-lesioned group. All animals then received either a bilateral, excitotoxic lesion of the OFC (n ϭ 6) or sham-control surgery (n ϭ 5; see Methods and Fig. 2A for lesion analysis). Postoperatively, animals with OFC lesions exhibited a similar expression of conditioned autonomic and behavioral responses as they did preoperatively and a similar level to that of controls postoperatively (Fig. 2B) . Three-way ANOVAs [condition(CS ϩ /CS Ϫ ) ϫ group(lesion/control) ϫ surgery (pre/post)] revealed that all groups showed a significant main effect of condition during both the CS period [F(1, 9) ϭ 6.3, P ϭ 0.03] and US period [F(1, 9) ϭ 160.2, P Ͻ 0.001] for systolic BP, but there were no effects of group after surgery (Fs Ͻ1). The same pattern of effects was seen for diastolic BP and HR (Table  S1 ). CS-directed head-jerking behavior also showed a main effect of condition [F(1, 9) ϭ 165.3, P Ͻ 0.001] but no other significant effects. There were no differences between the groups in the latency to eat the food or in the amount eaten (Table S2 ). However, marked differences between the control and OFC-lesioned groups emerged during subsequent tests of emotion regulation, i.e., extinction and reversal. The different levels of shading, ranging from solid black to pale gray, represent the areas of cortex that were damaged in one (palest shading), two, three, four, five, and six (darkest shading) marmosets, respectively. In general, OFC damage extended from just caudal to the frontal pole to just rostral to the genu of the corpus callosum. In most animals, the majority of the dysgranular portion of the OFC was damaged, sparing the lateral granular regions (see ref. 21 for detailed cytoarchitectonic description of this region). In two of the animals, there was damage to the ventromedial convexity, primarily on one side only, and two of the six animals also had variable damage to the medial wall, unilaterally. 
OFC Lesions Prolong Autonomic Arousal After CS Termination and
Reward Omission. To determine the role of OFC in the regulation of conditioned autonomic arousal, BP and HR levels were monitored during a one-trial extinction session in which a single CS ϩ unexpectedly terminated after 20 s, and reward was omitted (probe test 1; Fig. 3A) . Control animals exhibited a rapid decline in cardiovascular arousal (systolic BP) with levels returning to baseline after approximately 30 s (Fig. 3B) . In contrast, the arousal levels of animals with OFC lesions remained significantly elevated over the 70-s period of recording. Two-way ANOVA [group ϫ time bin (7 ϫ 10 s)] of the systolic BP across the US omission period revealed a main effect of Group [F(1, 9) ϭ 6.8, P ϭ 0.03]. There was also a main effect of time bin [F(6, 54) ϭ 11, P Ͻ 0.001), whereby appetitive systolic BP responses in both groups tended to decline over the seven 10-s time-bins after CS termination. No other significant effects were observed (Fs Ͻ1). The same pattern of prolonged arousal was also seen in the measures of diastolic BP and HR, although the HR did not reach significance (Table S3 ). Very little behavior was observed during this period in either group (see SI Text). In particular, neither group displayed head jerking upon termination of the CS ϩ , because head jerking is seen only in the presence of a CS. In a second, one-trial extinction session, after the first 20 s of the CS ϩ , the auditory stimulus was not terminated as in probe test 1 but was maintained for an additional 120 s (the normal length of the US period), still in the absence of reward (total playing time, 140 s; probe test 2). Performance in this session did not differ between the groups (Fs Ͻ1, ANOVA, Table S4 ). Instead, the presence of the CS ϩ throughout the US omission period resulted in maintained systolic BP arousal in both groups. Thus, these findings demonstrate that marmosets with excitotoxic lesions of the OFC show markedly slower cardiovascular recovery in response to the termination of a conditioned appetitive stimulus. It is unlikely that this slowed recovery reflects an enhanced frustration to the loss of expected reward compared with controls because there were no differences between the groups when the CS remained on for the entire US period, despite omission of the reward (probe test 2). Moreover, there is little evidence in the literature to link selective damage to the OFC with enhanced frustration, monkeys with OFC lesions, if anything, exhibit less frustrative behavior (11) .
OFC Is Critical for the Coordination of Behavioral and Autonomic
Output During Reversal Learning. To determine the role of OFC in the coordination of adaptive responses, control and OFC-lesioned groups were subjected to a reversal of the reward contingencies, such that the previously rewarded stimulus was no longer rewarded, and the previously unrewarded stimulus became rewarded. All animals were tested on this reversal task until their systolic BP responses to the new CS ϩ were significantly greater than their systolic BP responses to the new CS Ϫ (BP reversal criterion; see Fig.  4 legend and SI Text for details). Compared with controls, animals with OFC lesions were far slower to reverse their conditioned BP, requiring significantly more sessions to reach criterion than controls [Group, F(1,9) ϭ 6.2, P ϭ 0.03; Fig. 4A ], although they took the same number of sessions to reach ''chance'' performance (SI Text and results in Table S5 ). However, having reached criterion, they showed comparable levels of conditioned BP to controls (controls: CS ϩ , 3.3 Ϯ 0.4; CS Ϫ , Ϫ0.2 Ϯ 0.5; OFC lesions: CS ϩ , 4.0 Ϯ 0.4; CS Ϫ , 1.0 Ϯ 0.1). They also showed comparable latency and consumption measures to controls (Table S6) .
Reversal of the conditioned BP in the control group was accompanied by reversal of their conditioned behavioral response. In contrast, when the conditioned BP of the animals with OFC lesions ref lected the new contingencies, their conditioned behavior did not (Fig. 4B) . Two-way ANOVA of the behavior (at BP reversal criterion) showed an overall condition effect [F(1, 9) ϭ 10.9, P Ͻ 0.01] and a group ϫ condition interaction [F(1, 9) ϭ 7.9, P ϭ 0.02]. Further analysis verified that OFC lesions significantly impaired behavioral responses to the new CS ϩ [F(1, 9) ϭ 7.3, P ϭ 0.02] but not to the new CS Ϫ (F Ͻ1). These findings suggested that the conditioned behavioral and autonomic responses in the OFC-lesioned group had become uncoupled. Thus, correlational analyses were performed on the behavioral and BP responses of each animal across the reversal (see Methods). ANOVA of the correlation coefficients (rЈ; r transformed) showed significantly reduced correlation coefficients in the lesioned group compared with controls [mean values Ϯ SEM, Control: 1.06 Ϯ 0.17; OFC lesion: 0.45 Ϯ 0.14; Group, F(1,9) ϭ 7.97, P ϭ 0.02; individual r values in Table S7 ], confirming that the OFC lesion had significantly weakened the coupling between these different response outputs. This can be clearly seen when comparing the scatter plots of the two response outputs, in control and lesioned animals, in Fig. 4 C and D, respectively. Points in the lower left quadrant indicate that both the conditioned behavioral and BP responses ref lect the former contingencies, and points in the upper right quadrant indicate successful reversal of both conditioned responses. Points restricted to these two quadrants, as seen in the scatter plot for controls (Fig. 4C) , ref lect strong coupling between the two responses during learning of the reversal. In contrast, points more broadly scattered across all four quadrants, as seen in the scatter plot for lesions (Fig. 4D) , ref lects uncoupling of the response outputs as learning progresses.
Discussion
The present results demonstrate the critical involvement of the OFC in the flexible regulation and coordination of appetitive conditioned responses. Excitotoxic lesions of the primate OFC left intact the expression of conditioned, appetitive behavioral and autonomic responses that had been acquired before surgery. They did prolong, however, the otherwise rapid decline in cardiovascular arousal that accompanied the termination of the appetitive CS and omission of the reward in the one-trial extinction test. In addition, they not only delayed the relearning of a Pavlovian discrimination after reversal of the reward contingencies but caused the uncoupling of the conditioned behavioral and cardiovascular responses during reversal learning.
OFC and Extinction. That OFC lesions were without effect on the expression of conditioned cardiovascular and behavioral responses is consistent with our (22) and others previous findings (7, 23) . However, adaptation of the cardiovascular response in a one-trial extinction test was disrupted by the lesion. Whereas the cardiovascular arousal of control animals showed a rapid return to baseline after termination of the eliciting stimulus (CS ϩ ) and reward omission, cardiovascular recovery in animals with OFC lesions was markedly slower. This result highlights the contribution of the OFC to the on-line regulation of cardiovascular arousal, ensuring the rapid adjustment of that arousal to ongoing changes in the environment. It stands in contrast with the effects of lesions of ventromedial PFC in rats on the spontaneous recovery of both appetitive and aversive conditioning the day after extinction (24) (25) (26) , an effect most likely due to the involvement of the ventromedial PFC in the use of contextual information to disambiguate cues that have formed multiple associations (27) .
Slowed recovery from appetitive arousal after OFC lesions in monkeys parallels the findings of slowed recovery from negative emotional responses reported in a number of human studies (28, 29) . For example, slowed recovery is seen in individuals with low trait resilience (29) and in individuals with greater relative left-sided prefrontal activation in scalprecorded electrical signals (28) , although the specific neural underpinnings of such effects are unknown. The experimental preparation developed in this study therefore provides a unique opportunity for future investigations to identify the brain structures and neurochemical systems that contribute to the recovery from positive and negative emotional responses and to determine the extent of their overlap.
OFC and Reversal Learning. By measuring simultaneously both cardiovascular and behavioral responses to an appetitive CS, this study extends the results of previous studies of reversal learning that implicated the OFC in behavioral f lexibility and reveals the additional importance of the OFC in the f lexibility of autonomic responses. Indeed, it identifies the OFC as being critical for a coordinated response output as an animal adapts to changes in its environment. In the absence of the OFC, not only were animals slower to adapt their behavioral and autonomic responses to the reversed reward contingencies, but these responses became uncoupled. Thus, despite showing cardiovascular arousal to the currently rewarded CS, their behavioral arousal was often still directed toward the previously rewarded CS.
Whether the OFC acts to coordinate the different response outputs directly remains to be determined. Alternatively, response coordination may be an emergent property of emotional circuits that are regulated by the OFC. In this latter scenario, response uncoupling after OFC lesions may be a byproduct of the loss of this regulation. Such emotional circuits are likely to include the amygdala, striatum, hypothalamus, and periaqueductal gray, all of which receive direct projections from the OFC. Thus, it has been shown in rats performing a reversal of an odorant go/no-go discrimination task, that far fewer amygdala neurons reverse their odor preference after loss of OFC input (30) , highlighting the dependence on the OFC of f lexible neuronal firing in the amygdala. Although lesions of the amygdala tend not to affect overall performance on the reversal of appetitive, instrumental discrimination tasks (31, 32) , their effect on performance of appetitive, Pavlovian reversal tasks is unknown. However, it has been shown that, unlike instrumental responses on discrimination tasks, the expression of conditioned cardiovascular responses in Pavlovian tasks depends on an intact amygdala (33) . Moreover, the acquisition of various conditioned behaviors including CSelicited approach (34) and orienting responses also depend on an intact amygdala (35, 36) , despite their expression being amygdala-independent (M.S.M., K.B., Y. Mikheenko, and A.C.R., unpublished results and refs. [35] [36] [37] . Other structures within the emotional circuit that may be involved in the expression of these conditioned behavioral responses, include the ventral (37) and dorsal striatum (38) . In addition, the hypothalamus and periaqueductal gray are likely involved in regulation of the autonomic response (18, 20, 39) .
OFC and Emotional Regulation. The finding that lesions of the OFC cause an uncoupling of the elements of an adaptive response provides insight into the role of the OFC in emotional regulation. Emotions are highly adaptive and complex states, simultaneously engaging psychological, physiological, and behavioral responses that are triggered by the cognitive appraisal of external events. However, our immediate reactions to emotive stimuli are not always beneficial, and, therefore, an important element of emotion is the ability to appropriately adapt and rapidly modify emotional responses on a moment-by-moment basis. The contribution of the OFC to the regulation of positive emotional states is clearly demonstrated in the present study. Indeed, as animals without an OFC attempted to adapt to changes in the emotional significance of stimuli in the environment, there was fractionation of the emotional response. Such fractionation may have deleterious consequences on overall emotionality. Thus, interoceptive feedback, including that from the autonomic and somatic systems, is a core feature of many theories of emotion and is linked, in particular, to subjective emotional experience or ''feelings'' (40, 41) . In addition, there is accumulating evidence that peripheral feedback can modulate emotional processing (42, 43) , although the extent to which it does may depend on an individual's interoceptive awareness (44) . Consequently, disjunctions between the autonomic and somatic components of peripheral feedback (e.g., increased cardiovascular arousal but no concomitant behavioral arousal) may have a marked impact on emotional experience.
There have been few, if any, investigations in humans comparing both behavioral and physiological arousal with respect to emotion regulation. However, an uncoupling of autonomic arousal from emotion perception (45) and from activations in emotion-specific brain regions (46) has been reported in schizophrenic patients, and a hyper-or hyporesponsive autonomic system has been reported in autistic children (47) . These findings have led to the proposal that such disjunctions may contribute to the paranoid symptoms of patients with schizophrenia (46) and the development of certain stereotyped behaviors in autistic children (47) . Since disrupted processing within the OFC is associated with both schizophrenia (48) and autism (49) , the present results thus identify OFC dysfunction as a possible cause of the uncoupling of emotional responses that occurs in these disorders.
Methods
All procedures were conducted in accordance with the United Kingdom 1986 Animals (Scientific Procedures) Act under project license PPL 80/1770. Cardiovascular Measurements. Telemetry details have been described (33) and are explained in SI Text.
Behavioral Measurements. Pavlovian conditioning procedures have the potential to generate a number of associations between a CS and a US in the brain, and responses elicited as a result of these representations have often been classified as ''preparatory'' (US-nonspecific) and ''consummatory'' (USspecific) (50) or ''CS-directed'' and ''US-directed'' (21, 51). Initially described in rats (21, 51) , head jerks are defined as short, very rapid movements (a flick or snap) of the head mainly from side to side in response to auditory appetitive CS presentations. Never before assessed in primates, the marmosets in the present task were found to show selective head jerking to conditioned auditory stimuli that had been paired with food reward. See SI Text for details of additional measures.
Surgeries. When fully anesthetized, marmosets were implanted with telemetry devices (33) and received excitotoxic lesions of the OFC or sham surgery (52) in two separate operations separated by at least 1 month (Table S8 and SI Text).
Statistical Analysis. All cardiovascular and behavioral data were analyzed using SPSS software version 12.0.01. Lesion effects were analyzed by using one-, two-, and three-way ANOVAs as described in Results. Any significant interactions were analyzed by using simple interaction and simple main effects, by using the mean square error term (SEM) from the original interaction where appropriate. Data that were skewed and that violated the distribution requirement of ANOVA, were transformed appropriately (53, 54) . In addition, systolic BP and head-jerk behaviors during the reversal were statistically correlated by using a twotailed bivariate correlation. The correlations provided a correlation coefficient (r) for each animal. To compare the correlation coefficients across control and lesioned groups Fisher's transformation of r, rЈ was used in a one-way ANOVA. 
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